1. Introduction {#s0005}
===============

The liver plays an important role in whole-body metabolism and energy homeostasis. Depending on the body's needs, hepatocytes coordinate these processes by regulating gene expression programs in response to various humoral signals. Imbalances in this control system are associated with a variety of liver pathologies ranging from hepatic steatosis to end-stage liver disease including hepatocellular carcinoma (HCC) ([@b0160; @b0040]).

Growth hormone (GH) and glucocorticoids (GCs) are necessary for normal growth and development, as well as immune functions ([@b0430; @b0215]). Further, both factors are important regulators of whole body energy homeostasis ([@b0530; @b0325; @b0540]). At the cellular level, GH action is mediated amongst others by the signal transducer and activator of transcription (STAT) 5 pathway. Through STAT5, GH controls many features of liver physiology, including regulation of genes associated with somatic growth and maturation ([@b0190]). GCs exert their functions through cell-specific action of the glucocorticoid receptor (GR). The GR acts as a transcriptional regulator of distinct target genes via direct DNA binding or through protein--protein interactions with other transcription factors ([@b0225]).

Whole-body STAT5- or GR-knockout mice are not viable, demonstrating the importance of both transcription factors for development and survival ([@b0085; @b0095]). Therefore, conditional knockouts were key to explore the functions of both transcription factors in liver physiology. Hepatic deficiency of STAT5 or the GR results in a comparable retardation of postnatal body growth ([@b0505; @b0145]). From these studies, it became evident that transcription of distinct STAT5 target-gene subsets requires binding of the GR onto the STAT5B N-terminus, the major STAT5 isoform expressed in the liver. This interaction preferentially affects gene sets involved in somatic growth and maturation ([@b0145]). Yet, although both transcription factors are important for the maintenance of energy homeostasis, the phenotypes obtained upon conditional deletion of either gene in mice with regard to lipid and glucose metabolism are rather distinct. Interference with hepatic GC-GR signaling is associated with defects in gluconeogenesis leading to fasting hypoglycemia, with no effects on hepatic lipid homeostasis under basal conditions ([@b0355; @b0335]). In contrast, impairment of hepatic GH-STAT5 signaling is associated with aberrant glucose metabolism, fatty liver disease and it sensitizes hepatocytes to injury and tumorigenic transformation ([@b0100; @b0155; @b0200; @b0335; @b0175]).

In the following, we will summarize the consequences of genetic GR and/or Stat5 deletion for body growth, metabolic homeostasis, hepatic steatosis and HCC development.

2. Mechanism of GH-STAT5 and GC-GR action {#s0010}
=========================================

2.1. GH signaling and STAT5 {#s0015}
---------------------------

GH is an important regulator of postnatal body growth. In contrast to a nuclear hormone receptor steroid ligand it is a peptide and belongs to the superfamily of cytokines. GH controls regeneration and cellular reproduction. In addition, GH exerts important functions in energy metabolism ([@b0325; @b0540]) and influences the immune system ([@b0215]). GH is part of the somatotropic axis and it is synthesized and secreted by the anterior pituitary gland. Its secretion is under strict hormonal control. Hypothalamic growth hormone-releasing hormone (GHRH) is the central stimulator of GH synthesis, while hypothalamic somatostatin exerts strong inhibitory effects ([@b0450]). Other factors stimulating GH release are acute stress and energy deprivation ([@b0325]), whereas overnutrition and obesity inhibit its secretion ([@b0435; @b0170]).

At the cellular level, GH action is mediated via the GH receptor (GHR), which is widely expressed in many tissues such as liver, muscle and adipose tissue. GH signaling is very similar both from receptor binding and signal transduction to prolactin, erythropoietin and thrombopoietin signaling. These four cytokine signaling receptors all make homodimers upon cytokine binding, and their main tyrosine kinase responsible for signal transduction is the cytoplasmic Janus kinase 2 (JAK2). GHR binding leads to the activation of multiple signaling pathways, including the RAS/RAF/ERK, the PI3K and the JAK/STAT pathways ([@b0255; @b0550]). Although STAT1 and STAT3 can be activated through GHR signaling, STAT5 activation is the major target ([@b0600]) ([Fig. 1](#f0005){ref-type="fig"}). Yet, in the absence of STAT5 expression, increased STAT1 and STAT3 activation was reported ([@b0100; @b0335]). STAT5 consists of two different but highly homologous isoforms STAT5A and STAT5B (referred to as STAT5), which are encoded by two juxtaposed genes on mouse chromosome 11 and human chromosome 17. Both STAT5 isoforms differ in their tissue distribution ([@b0190]). Activated GHR brings two JAK2 molecules into proximity which causes auto activation, and subsequent tyrosine phosphorylation of predimerized STAT5 molecules. Subsequently, activated STAT5 translocates to the nucleus, where it binds specific DNA binding response elements (REs), usually an inverted repeat of TTCN~3~GAA, to modulate target gene transcription ([@b0600; @b0245]). STAT5 was also shown to be an efficient chromatin regulator and it can induce loop formation through oligomerization via the N-terminus ([@b0330; @b0245]). Whether hepatic STAT5B participates in oligomerization is controversial, yet, multiple STAT5 REs in target genes such as in *Socs2* and *Igf-1* suggests that possibility ([@b0270]). Amongst other functions, the classical STAT5 target genes *Igf1* and *Socs2* serve to down-regulate GH signaling, thereby establishing a negative feedback loop ([@b0170; @b0100]).

2.2. GC signaling and GR {#s0020}
------------------------

Main biological functions of the GC-GR pathway include the suppression of inflammation ([@b0560]) and the control of energy metabolism in metabolically active organs ([@b0530]). Secretion of GCs by the adrenal cortex is under control of the hypothalamic--pituitary--adrenal (HPA) axis, a neuroendocrine feedback system. Activation of the HPA axis is influenced by various stressors, such as energy deprivation, by the circadian clock and inflammation ([@b0510; @b0065; @b0250]). The subsequent release of hypothalamic corticotropin releasing hormone (CRH) stimulates synthesis and secretion of pituitary adrenocorticotropic hormone (ACTH) and the following ACTH-induced stimulation of adrenal GC synthesis. GCs, in turn, control the regulation of basal HPA axis activity, thereby establishing a regulatory feedback loop.

Cellular action of GCs is attributed to their binding to intracellular GR, a member of the nuclear hormone receptor family ([@b0225; @b0045]). The inactive GR is retained in the cytoplasm complexed with chaperones (e.g. Heat Shock Protein-90 and Heat Shock Protein-70) until binding to its ligand. After ligand binding, GR dissociates from the multi-protein complex and either interferes with signal transduction components in the cytoplasm or translocates to the nucleus ([@b0395]). In the nucleus the GR acts as a transcriptional regulator of distinct GC-responsive target genes via direct DNA binding at glucocorticoid response elements (GREs) as a dimer. Alternatively, GR can also modulate the expression of genes through a GRE-independent mechanism, which is mediated in part through protein--protein interactions with other transcription factors or coactivators ([Fig. 1](#f0005){ref-type="fig"}) ([@b0225; @b0045]). The degree to which extent the GR dimerization or the monomeric activity contributes to physiological effects of GCs varies dependent on the type of process studied ([@b0395; @b0035; @b0235]).

2.3. STAT5 and GR synergism in hepatocytes {#s0025}
------------------------------------------

DNA binding of the GR is believed to mediate most of its activating function, while cross-talk with other transcription factors is thought to mediate the repressive actions ([@b0400; @b0405]). One of the exceptions, in which GR activates transcription without classic DNA binding, is its functional interaction with STAT5. This synergism was first shown for STAT5-dependent transcription of the β-casein gene, which requires the GR as a transcriptional coactivator ([@b0480; @b0485]). It became evident, that activated STAT5 and GR form complexes which bind DNA and regulate gene expression independently of GREs. The idea that the GR interacts with DNA-bound STAT5 as a cofactor was supported by the finding that GR mutants deficient for dimerization and DNA binding (GR^dim^) still synergize with STAT5 ([@b0485]). More recently, it was shown that protein--protein interaction of hepatic STAT5 and GR is essential for many of the functions exerted by either transcription factor *in vivo* ([@b0145]). Many functions of the GR depend on its cofactor interaction as revealed through the study of mice with a knock-in of the DBD-defective GR^dim^, which display relatively normal GH target gene expression pattern in liver ([@b0400; @b0505]). Whole genome expression analysis of STAT5, GR and STAT5/GR knockout livers revealed that genes positively regulated by either transcription factor overlap to a large extent ([@b0145]). More than 40% of genes significantly downregulated in GR-deficient livers were also downregulated in absence of STAT5. Correspondingly, almost 30% of genes downregulated in STAT5-deficient livers were also downregulated in the absence of GR. The magnitudes of expression changes highly correlated between all three genotypes and it became evident that STAT5--GR synergism preferentially affects gene sets involved in growth and maturation. Noteworthy, the expression changes elicited by STAT5 and the GR correlate closely with those found for various truncations of the GHR ([@b0425]). Moreover, observed changes for male-predominant genes were in line with earlier reports ([@b0080]) which reported maturation-related sexual dimorphic liver gene expression to be dependent on GH action and hepatic STAT5. Further, whole genome expression analysis of livers from mice expressing hypomorphic N-terminally truncated STAT5A and STAT5B proteins (referred to as STAT5^ΔN^ mice) suggests that many of GH target genes depend on an intact STAT5N-terminus ([@b0145]). Indeed, in accordance with earlier studies STAT5--GR synergism in hepatocytes was found to be independent of DNA-bound GR, but highly dependent on functional STAT5--GR protein--protein interaction (Figs. [1](#f0005){ref-type="fig"} and [2](#f0010){ref-type="fig"}A). This interaction requires the STAT5N-terminus and the AF-1 domain of the GR as the protein-binding interfaces ([@b0485; @b0145]). To date, there is little information whether other cell types or other cytokines and growth factors which signal through STAT5 display a similar STAT5--GR cofactor interaction and synergistic gene transcription apart from GH signaling. Future research is required to elucidate if STAT5--GR interaction is a selective requirement for the activation of specific gene sets in hepatocytes or if that concept is of general importance for other cell types.

3. STAT5 and GR function in body growth {#s0030}
=======================================

As evidenced by patients with abnormally low circulating GH levels or mutations in core genes of the GH pathway disrupting GH-signaling (Laron's syndrome) ([@b0260; @b0415; @b0055]), a major function of GH is regulation of longitudinal body growth as well as of all internal organs excluding the brain. Here, mutations have been identified in core genes of GH signaling, which affect the GHR itself, STAT5B, as well as IGF-1 ([@b0415; @b0055]). As verified by mouse knockout models, the regulation of body size by GH is mainly executed by the activation of STAT5B which, in turn, mediates the transcription of *Igf-1* and acid labile subunit (*Als*) ([@b0350; @b0565; @b0570]). IGF-1 and ALS form a trimeric complex together with IGF-1 binding protein 3, termed bioactive IGF-1, in the serum ([@b0105; @b0220]) to promote cellular growth and to control neuroendocrine functions. The first indication that STAT5B is an essential mediator of postnatal body growth came from mice which either lack the Stat5a or Stat5b gene. STAT5B-deficient males but not females suffer from impaired growth ([@b0515]), while STAT5A-deficient mice exhibit normal body stature ([@b0290]). The expression of N-terminally truncated STAT5A and STAT5B proteins in STAT5^ΔN^ mice affects postnatal body growth in either sex. However, STAT5^ΔN^ females displayed more pronounced dwarfism ([@b0500]). To evaluate the impact of hepatic GH-STAT5 signaling and liver-derived IGF-1 on body growth, hepatocyte-specific knockout mice targeting the core components of GHR-STAT5 signaling, the GHR ([@b0155]), JAK2 ([@b0470]) and STAT5 ([@b0100; @b0145; @b0175]) were generated. All mice deficient in hepatic GHR-JAK2-STAT5 signaling are GH insensitive, with blunted hepatic *Igf-1* mRNA expression and severely reduced bioactive IGF-1 resulting in elevated plasma GH. Interestingly, despite comparably reduced levels of circulating IGF-1, the phenotypes of the different mouse lines are quite diverse in regard to postnatal body growth. Liver-specific deletion of STAT5 ([@b0100]) or the GHR ([@b0155]) using a Cre recombinase under the control of the albumin gene promoter (Alb-Cre ([@b0580])) did not lead to a reduction in body growth. Yet, deletion of STAT5 mediated by a hepatocyte-specific Cre recombinase under the albumin gene promoter and the α-fetoprotein gene enhancer (Alfp-Cre ([@b0230])) results in stunted body growth ([@b0145]), while Alb-Cre-mediated deletion of JAK2 causes a modest but significant decrease in body weight and length ([@b0470]). The observed variations in growth phenotypes remains poorly understood and may partly reflect differences in gene deletion efficiency and mouse genetic backgrounds.

A recent study by our group using an Alfp-Cre-mediated STAT5 knockout in the settings of systemic GH overexpression provided an additional hint that STAT5 signaling in liver is essential for GH-stimulated body growth ([@b0175]). Overexpression of GH in mice leads to an alteration of body proportions resulting in an acromegaly-like phenotype and differential enlargement of internal organs ([@b0140; @b0210]). In contrast, up to 9 weeks of age mice overexpressing GH but lacking hepatic STAT5 display body growth identical to that of wild type (wt) littermates. Thereafter, STAT5 deficiency in liver, despite the presence of GH overexpression, results in growth retardation similar to that caused by STAT5 deficiency alone ([Fig. 2](#f0010){ref-type="fig"}). Noteworthy, despite the obvious reduction in body size, the bone length of animals systemically overexpressing GH yet lacking STAT5 in hepatocytes is 5% above that of wt littermates ([@b0175]). These observations indicate that a direct action of GH on bone and muscle and a paracrine function of IGF-1 ([@b0580; @b0240]) are not fully sufficient to compensate for the loss of hepatic GH-STAT5 signaling. Of note, liver-specific ablation of the GR leads to similar growth retardations as observed for STAT5-deficient mice while combined mutations do not add significantly to the growth impairment caused by single mutations ([@b0505; @b0145]). Accordingly, the growth retardation of STAT5^ΔN^ mice is in line with a defect in GR cofactor recruitment, since the N-terminus of STAT5 needs to physically recruit the GR for protein--protein interaction and gene regulation ([Fig. 2](#f0010){ref-type="fig"}) ([@b0145]).

4. GH-STAT5 and GR function in metabolism and hepatic steatosis {#s0035}
===============================================================

The liver plays a central role in the control of glucose and lipid metabolism as it is the major site for interconversion, distribution and storage of energy metabolites. Imbalances in hepatic metabolic function are tightly linked to non-alcoholic fatty liver disease (NAFLD) and associated metabolic disorders ([@b0160; @b0040]). At this, GH and GC action is not only essential for normal development and survival; it is also required for maintenance of the body's overall metabolic homeostasis ([@b0530; @b0325]). Further, whole genome expression analysis of gene networks affected by GH and GC signaling in liver has shown that STAT5 and GR control many aspects of hepatocyte metabolism ([@b0385; @b0100; @b0145; @b0445]). In the following paragraphs we discuss the current insights into the regulation of glucose and lipid metabolism by GH-STAT5 and GC-GR signaling. In particular, we highlight those insights gained from hepatocyte-specific deletions of both transcription factors in mice.

4.1. Glucose metabolism {#s0040}
-----------------------

The liver is the main site for glucose storage in form of glycogen and glucose synthesis via gluconeogenesis. The liver provides this energy metabolite to maintain blood glucose level in times of need and to provide glucose to extrahepatic tissues such as the brain, which uses approximately 25% of total body glucose. Hepatic GC-GR signaling plays a critical role in maintaining blood glucose level, particularly in states of energy deprivation, by directly controlling rate limiting enzymes of gluconeogenesis such as PEPCK and G6Pase ([@b0185; @b0525; @b0355]). In turn, GC signaling impairs glucose uptake in peripheral tissues, such as skeletal muscle and adipose tissues. Hence, GCs oppose insulin action, which suppresses glucose production by inhibiting hepatic glycogenolysis and gluconeogenesis, and stimulates glucose uptake, storage, and utilization by other tissues ([@b0010]). Thus, it is not surprising that pathologic conditions of elevated GC levels are linked to defects in glucose metabolism characterized by insulin resistance and hyperglycemia ([@b0010; @b0530]). In contrary, mice which are GR-deficient specifically in liver show a mild decrease in blood glucose level ([@b0335]) and suffer from profound hypoglycemia after prolonged fasting ([@b0355]). The inability to perform *de novo* glucose synthesis is associated with a reduced induction of rate limiting enzymes of gluconeogenesis such as PEPCK ([@b0355]). Plasma GC levels were found to be markedly increased in response to fasting ([@b0355]), while we found an elevation of ACTH and GC levels in these mice already under basal conditions ([@b0335]). This elevation of systemic GCs in mutant animals might reflect the body's attempt to sustain gluconeogenesis upon GR deficiency. Interestingly, a similar compensatory hypercortisolism is also reported in mice deficient for hexose-6-phosphate dehydrogenase. These mice lack 11β-hydroxysteroid dehydrogenase type 1 reductase activity which leads to decreased intracellular levels of corticosterone and subsequent defects in glucose metabolism as well as impaired responses of hepatic enzymes to fasting ([@b0410]). A second possible cause for the compensatory activation of the HPA axis is an increased expression and release of liver-derived corticosteroid binding globulin (CBG), which binds the majority of GCs in the circulation to retain them in a biologically inactive form ([@b0420]). GCs suppress CBG expression, hence, GR knockout mice show increased hepatic CBG expression ([@b0335]) and display high basal CBG levels that are not suppressed by the synthetic glucocorticoid Dexamethasone ([@b0090]). The increase in CBG and a decrease in free GCs might play a role in elevated HPA activity due to decreased GC bioavailability, as observed in studies with gonadectomized rats and in a porcine model ([@b0370; @b0535]).

Further, in response to hepatic GR deficiency and the concomitant impairment of the liver to counteract low energy levels by gluconeogenesis, a compensatory increase in glucagon ([@b0355]) and a parallel decrease in insulin were observed ([@b0355; @b0335]). Elevated hepatic gluconeogenesis is a major contributor to hyperglycemia in type 2 diabetes. Here, the states of insulin resistance or deficiency favor glucose synthesis by increased GC levels. Indeed, enhanced GR-dependent activation of Pepck expression is reported in some murine models of obesity and diabetes, which can be limited by GR antagonism ([@b0295; @b0300]). In addition, different approaches using antisense oligonucleotide-mediated downregulation of GR expression show that this improves fasting hyperglycemia and systemic glucose homeostasis in diabetic mice without affecting blood GC levels ([@b0285; @b0555]). Systemic GR antagonism and the antisense oligonucleotide approach does not allow to determine inhibition of hepatic GC-GR signaling on diabetes related hyperglycemia, as GR signaling in other organs and concomitant inhibition of glucose uptake, is most likely also impaired. An indication for hepatic GR as a critical inducer of diabetic hyperglycemia came from streptozotocin-induced diabetes in hepatocyte-specific GR knockout mice, which display less severe hyperglycemia and lack hepatic *Pepck* mRNA expression upon diabetic challenge ([@b0355]).

GH has both chronic and acute effects on glucose metabolism. The latter are designated as temporary insulin-like effects, and their physiological significance is not clear. The well studied chronic effects of GH oppose, like those of GCs, insulin action on glucose metabolism ([@b0110]). Excess GH is associated with impaired glucose tolerance, compensatory hyperinsulinemia, insulin resistance and fasting hyperglycemia. GH deficiency, on the other hand, is linked to enhanced insulin sensitivity, decreased fasting glucose levels, decreased insulin secretion, and lowered hepatic glucose production ([@b0180; @b0125; @b0325]). Upon systemic GHR deficiency, as found in Ghr-null mice, GH is secreted in large quantities, but it lacks biological effects due to deficiency of its receptor ([@b0595]). In contrast, Ames dwarf mice (*Prop1^df/df^*) suffer from primary pituitary deficiency and lack GH secretion from the anterior pituitary ([@b0465]). However, both Ghr-null and Ames dwarf mice exhibit a state of hypersensitivity to insulin and an increased hypoglycemic response to exogenous insulin ([@b0130; @b0125]). The counterpart to the studies described above is the bovine GH transgenic mouse model, which displays hyperinsulinemia and insulin resistance in response to excess GH exposure, but nearly normal glucose tolerance ([@b0520; @b0015]). Additionally, hepatocyte-specific impairment of GH-STAT5 signaling by targeting the GHR or STAT5 induces a state of insulin resistance, which manifests itself in profound hyperinsulinemia and glucose intolerance ([@b0100; @b0155; @b0335]). In regard to the induction of an insulin resistant state, interference with hepatic GH-STAT5 signaling closely resembles the anti-insulin actions described in GH transgenic mice. Here, chronic GH excess results in a diminished response to insulin injection particularly in skeletal muscle at the level of IRS-1 phosphorylation and downstream signaling events such as PI3K activation ([@b0125]). More recently, excess GH exposure in mice and the acquired insulin resistance was linked to enhanced expression of p85α regulatory subunit of PI3K accompanied by a decrease in IRS-1-associated PI3K activity in the skeletal muscle and white adipose tissue ([@b0020; @b0115]). Hepatocyte-specific impairment of GH-STAT5 signaling induces GH insensitivity of the liver and a corresponding elevation of pituitary GH secretion. As GH signaling in other tissues remains intact, it is tempting to speculate that a defective insulin receptor signaling in muscle and adipose tissue as observed in GH overexpressing mice partly accounts for insulin resistance. Moreover, deletion of hepatic STAT5 markedly impairs downstream insulin signaling in the liver ([@b0335]) and favors an upregulation of hepatic p85α mRNA expression (Mueller et al., unpublished observation). A predominant role for defective hepatic insulin signaling is also described in mice with liver-specific knockout of IR, where impaired IR signal transduction contributes to fasting hyperglycemia ([@b0320]). Interestingly, in the settings of hepatic STAT5 deficiency and the associated GH insensitivity of the liver, the additional lack of GR in hepatocytes is not sufficient to ameliorate hyperglycemia. In summary, STAT5 and STAT5/GR knockout mice are equally affected by hyperinsulinemia and insulin resistance ([@b0335]).

4.2. Lipid metabolism and hepatic steatosis {#s0045}
-------------------------------------------

Hepatic triglyceride (TG) stores are determined by the balance of fatty acid (FA) uptake and release, *de novo* lipogenesis, and oxidative clearance, a complex process regulated at pre-receptor, transcriptional and posttranscriptional levels ([@b0060; @b0120]). Defects in GH and GC signaling pathways have been implicated in NAFLD development. Chronically increased GC levels are associated with a fatty liver phenotype in NAFLD ([@b0495]). Moreover, fatty degeneration of hepatocytes was demonstrated in patients with Cushing's syndrome ([@b0455]) and fatty liver disease is also a typical side effect of long-term systemic GC treatment, e.g. immunosuppressive therapy ([@b0440]). GH has pronounced lipolytic effects and under conditions of food deprivation provides peripheral tissues with ketone bodies as an alternative energy source to glucose. Excess GH, as observed in untreated acromegaly, is associated with increased lipolysis, decreased fat mass and an abnormal lipid profile ([@b0325]). GHR loss of function mutations, on the other hand, causes NAFLD in adults ([@b0265]) and patients who are GH deficient also display fatty degeneration of the liver more frequently than those with normal GH levels ([@b0205; @b0005]). Indeed, a recent case report has shown that administration of recombinant GH can improve NAFLD in a GH-deficient patient accompanied by a reduction in fibrosis and reversion of hepatocyte ballooning ([@b0490]).

Even though, aberrant GC and GH action is frequently associated with steatosis and associated metabolic disorders, the impact of GH-STAT5 and GC-GR signaling on liver lipid metabolism, particularly in humans, is less well characterized. However, several recent studies in mice have provided new mechanistic insights. Adult mice with a hepatocyte-specific GR knockout display an increase in body fat, while plasma TG levels are substantially lower ([@b0355]). The relative size of GR-deficient livers as well as liver histology is comparable to those of wt mice ([@b0335]). Yet, an additional study of these mice has shown that GR signaling promotes transient hepatic fat accumulation following partial hepatectomy ([@b0460]). Interestingly, Herzig and colleagues ([@b0280]) have shown that liver specific knockdown of the GR, mediated by adenoviral shRNA, improves the steatotic phenotype in mouse models of fatty liver disease. Here, hepatic GR signaling upon metabolic challenge was linked to downregulation of genes involved in hepatic TG lipolysis and β-oxidation, which is accompanied by upregulation of fatty acid uptake and storage. Moreover, the GR-dependent hepatic lipid accumulation was shown to depend on inhibition of expression of Hes-1, a known anti-lipogenic factor ([@b0195]). Restoration of Hes-1 expression favorable changes hepatic lipid metabolism including the downregulation of *Pparγ*, *Cd36* and caveolin expression, which results in lowered hepatic TG content ([@b0280]).

In contrast, mouse models of GH excess are not steatotic and they have lower hepatic TG content ([@b0545; @b0175]), whereas impaired GH-STAT5 signaling in liver perturbs lipid metabolism resulting in liver steatosis even upon excess GH exposure ([@b0175]). Several studies have shed light on the underlying mechanisms how hepatic GHR--STAT5 signaling maintains hepatic lipid homeostasis. Hepatocyte-specific ablation of the GHR ([@b0155]), JAK2 ([@b0470]) and STAT5 ([@b0100; @b0335; @b0175]) results in progressive steatosis accompanied by elevated liver damage parameters. The increase in TG accumulation in the absence of hepatic GH-STAT5 signaling probably results from an upregulation of genes involved in hepatic fatty acid uptake and/or *de novo* synthesis. Genetic alterations shared by the before mentioned models include enhanced expression *of Pparγ* (FA uptake and synthesis) and its target gene *Cd36* (FA uptake), which are both frequently associated with development of fatty liver disorders ([Fig. 3](#f0015){ref-type="fig"}) ([@b0060; @b0040]). It was shown that treatment with a PPARγ-specific antagonist leads to reduced *Cd36* expression and decreased lipid load in JAK2-deficient livers ([@b0470]). A further study has established that STAT5 binds to the Cd36 gene promoter which might suppress transcription ([@b0025]). Yet, upregulation of *Pparγ* itself is presumably not due to loss of a STAT5-mediated inhibition. It is rather a consequence of enhanced GH-dependent STAT1 activation upon hepatic STAT5 deficiency ([@b0100; @b0025]). Secondly, enhanced expression of the prolipogenic transcription factor SREBP-1c ([@b0060; @b0040]) is a possible cause for steatosis in the absence of GH-STAT5 signaling ([Fig. 3](#f0015){ref-type="fig"}). Hepatic GHR and STAT5 deficiency was shown to result in enhanced expression of *Srebp-1c* and lipogenic downstream targets such as *Fas* ([@b0155; @b0335]). Vice versa, overexpression of bovine GH reduces expression of *Srebp-1c* and several lipogenic downstream target genes in liver, despite overt hyperinsulinemia, a well known cause of increased *Srebp-1c* transcription ([@b0345]). Consistently, GH treatment of wt mice leads to decreased hepatic *Srebp-1c* expression, and GH-activated STAT5 was found to interact with the Srebp-1c gene promoter. Thereby, it might contribute to a transcriptional inhibition ([@b0335]). Further, immature SREBP-1c can be activated in response to decreased expression of *Fgf21* and *Insig2* ([@b0365; @b0575]), the transcription of which is severely decreased in liver upon hepatocyte-specific STAT5 deletion and upon impairment of GHR signaling ([@b0025; @b0335]). Overall, the precise mechanisms leading to deregulation of PPARγ and SREBP-1c signaling upon impaired hepatic GH-STAT5 signaling are not completely understood.

Interestingly, the additional deletion of hepatic GR neither ameliorates the steatosis phenotype caused by STAT5 deficiency nor does it improves the gene expression profile of altered hepatic lipid metabolism, e.g. by downregulation of *Pparγ* and *Cd36* transcription. A combined STAT5/GR deficiency rather results in an even more pronounced hepatocyte TG accumulation ([@b0335]). The increased hepatic TG load in hepatic STAT5/GR-deficient animals compared to STAT5-deficient animals results from a combination of elevated plasma GH and GC levels, which, in turn, activate STAT5 and GR signaling in adipocytes. Both transcription factors drive the upregulation of adipose tissue triglyceride lipase and hormone sensitive lipase, which are essential for lipolysis ([@b0150; @b0335]). The subsequent increase in available plasma FFA in combination with enhanced expression of the fatty acid transporter CD36 in hepatocytes facilitates additional TG accumulation in the liver ([Fig. 3](#f0015){ref-type="fig"}).

In conclusion, hepatic GH-STAT5 signaling protects the liver from steatosis by ensuring proper transcriptional control of genes involved in regulation of hepatic *de novo* lipogenesis and FA uptake.

5. GH-STAT5 signaling and HCC {#s0050}
=============================

Hepatocellular carcinoma (HCC) is a common complication of chronic liver disease and in most cases carcinogenesis follows a sequential process, with cirrhosis as an intermediate key step ([@b0160; @b0040]). However, development of HCC is increasingly observed in absence of advanced liver injury and cirrhosis ([@b0375; @b0475; @b0040]). In this regard, independent risk factors for HCC include obesity and diabetes ([@b0075; @b0375]).

STAT5 activation is oncogenic in hematopoietic cancers and it correlates with poor prognosis in myeloid leukemia. However, the role of STAT5 protein activation in carcinomas is more complicated and cell type specific. Persistent STAT5 activation correlates with a good prognosis in breast cancer, while in prostate cancer the opposite was reported (reviewed in [@b0165]). So far, there is little information regarding the impact of hepatic GH-STAT5 signaling on HCC development. Increased STAT5B activity was reported to correlate with more aggressive tumors and poor clinical outcomes in hepatitis B virus-related HCC due to increased cell motility and concomitant tumor spread ([@b0275]). In patients with liver cirrhosis, a premalignant condition, the GH-IGF-1 axis is known to be severely impaired caused by a state of acquired hepatic GH resistance ([@b0390]), which is indicative of low STAT5 activity. In parallel, a mouse model of cholestatic liver disease with ablated hepatic GH-STAT5 signaling displayed an early and more severe liver fibrosis phenotype. This was attributed to the lack of IGF-1 and down-regulation of hepatoprotective factors such as *Egfr*, *Lifr*, *Plr* and *Hnf-6* ([Fig. 3](#f0015){ref-type="fig"}) ([@b0050]). Upon CCl~4~ challenge, hepatic STAT5 deficiency promotes the development of liver fibrosis and, in some cases, HCC as a result of increased STAT3 activation and TGF-β stabilization ([@b0200]). STAT5 activity in hepatocytes was suggested to promote cell cycle arrest upon chronic hepatocyte injury, while loss of STAT5 signaling favors activation of pro-survival and proliferation pathways. This was linked to (1) reduced expression of the cell cycle inhibitors and STAT5 target genes *Cdkn1a* and *Cdkn2b*, and (2) excessive GH-dependent activation of STAT3 in absence of STAT5 ([@b0200; @b0585; @b0590]). Upon additional challenge, in form of increased adipose tissue derived FA influx due to combined GH resistance and hypercortisolism ([@b0335]) or GH overexpression ([@b0175]), STAT5-deficient livers develop HCC in the presence of progressive steatosis, despite minor inflammation and fibrotic degeneration. Steatosis combined with elevated plasma FFAs was shown to coincide with increased plasma and liver TNF-α level and oxidative stress in hepatocytes ([@b0335]). An elevation of FFA, TNF-α, and ROS levels are typically observed in NAFLD and are associated with persistent hepatocyte damage ([@b0040]). These conditions support the accumulation of DNA damage and sustained stress-dependent JNK1 activity ([@b0335]), which are both recognized as critical factors in the promotion and progression of human and murine HCC ([@b0305; @b0380; @b0475]).

GH overexpression in mice is linked to a severe systemic inflammatory phenotype, reduced life expectancy and the development of liver tumors ([@b0360; @b0030]). Intriguingly, hepatic STAT5 deficiency reverses all pathologic alterations induced by high GH levels, but leads to a more aggressive form of HCC at earlier time points ([@b0175]). As in the former model, hepatic STAT5 deficiency attributes to increased adipose tissue derived FA accumulation in hepatocytes, subsequent chronic liver damage and accumulation of DNA damage. Accordingly, JNK1 activity and a related increase in c-JUN expression and activity were also present in this transgenic HCC model. Further, following c-JUN activation ([@b0135]) or other oncogenic mechanisms potentially involving STAT3 ([@b0340]) p53 activity was abolished in STAT5-deficient livers. Thereby, diminished activity of p53 downstream signaling might impair clearance of cells harboring DNA damage and favor subsequent fixation of mutations. In this regard, it was shown that persistent activation of STAT5A triggers a permanent cell cycle arrest with characteristics of cellular senescence including activation of p53 and a constitutive activation of the DNA damage response in non-hepatic cells ([@b0310; @b0315; @b0070]).

Based on the current state of knowledge, HCC development in the absence of STAT5 might be the result of several direct and indirect mechanisms: (1) Deregulation of STAT5 target genes involved in the protection of hepatocyte integrity and cell cycle inhibition. (2) Increased STAT3 signaling most likely due to misrecruitment to the GHR in absence of STAT5 accelerates progression of chronic liver disease. (3) Metabolic dysfunctions contribute to liver cell and DNA damage and subsequent activation of stress-kinase signaling. (4) An accumulation of mutations is most likely facilitated by a loss of cell-cycle control and tumor-suppressive functions of p53 ([Fig. 3](#f0015){ref-type="fig"}). In summary, while some mechanisms by which GH-activated STAT5 contributes to safeguard mechanisms that protect hepatocytes from chronic injury and tumorigenic transformation have been revealed, further work is clearly required to better understand the consequences and possible connection to development of human disease.

6. Concluding remarks {#s0055}
=====================

Conditional knockouts targeting the core components of murine hepatic GH-STAT5 signaling and the GR have provided an important tool to obtain mechanistic insights into their role in liver function. We provided an overview of overlapping and distinct functions of hepatic GH-STAT5 and GC-GR signaling in postnatal body growth, glucose/lipid homeostasis and metabolic diseases.

Aberrant hepatic lipid and glucose metabolism are closely related to the pathogenesis of the most common liver diseases including their progression to hepatocarcinogenesis. Better understanding of the underlying molecular mechanisms is thus crucial, particularly in light of the increasing prevalence of obesity and its pathological consequences.

A characteristic of metabolic liver disease in the absence of hepatic GH-STAT5/GR signaling is the activation of both signaling pathways in peripheral tissues such as the adipose compartments. Thus, the use of transgenic mice will greatly help to understand the contribution of STAT5 and GR signaling in extra-hepatic tissues to the aberrations in carbohydrate and lipid metabolism. Additionally, the downstream molecular mechanisms of GH-STAT5 and GC-GR signaling particularly in hepatic lipid metabolism and steatosis needs to be further analyzed. While interference with hepatic GR signaling seems to ameliorate TG accumulation in mouse models of fatty liver disease, a protective role for GH-STAT5 signaling has emerged in chronic liver disease including HCC development. HCC is a complex, heterogeneous cancer, which develops in a multistep process involving deregulation of multiple cellular signaling pathways and impaired tissue homeostasis. Hence, future studies on global gene expression profiling of HCCs will help to pursue the synergism of impaired GH-STAT5 signaling and potentially deregulated tumor suppressor as well as oncogenic pathways in hepatocarcinogenesis.
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![Signal transduction pathways induced by GH and GCs. GH binding to a GHR dimer induces a conformational change that activates two JAK2 molecules which results in phosphorylation of multiple tyrosine residues in the cytoplasmic domain of the GHR. The activated GHR-JAK2 complex facilitates activation of STAT5 proteins by tyrosine phosphorylation. Activation of STAT5 allows GH to elicit diverse biological and physiological effects. STAT5 targets include anti-apoptotic genes and genes that promote cell cycle progression as well as inhibition. STAT5 proteins also regulate expression of genes involved in growth, differentiation, RNA biogenesis and metabolism. In addition, GH-activated JAK2 activates multiple signaling proteins and pathways including STAT1/STAT3, MAPK and PI3K signaling. The binding of GH to GHR may also activate Src tyrosine kinase, initiating other signaling pathways. The GR is retained in the cytosol as part of a chaperone-containing multiprotein complex. GCs can diffuse freely across the plasma membrane. Upon ligand binding, GR dissociates from its chaperoning complex and translocates into the nucleus, where it exerts transcriptional effects via direct DNA binding at GREs or through a GRE-independent distinct protein--protein interaction mechanism. GR target genes include amongst others rate limiting enzymes of gluconeogenesis. Additionally, the GR regulates GH-STAT5-dependent transcription of gene sets involved in postnatal body growth and maturation in a cofactor-dependent manner (displayed in gray). GH, Growth hormone; GCs, glucocorticoids; GHR, GH receptor; JAK2, janus kinase 2; STAT, signal transducer and activator of transcription; SOCS2, suppressor of cytokine signaling 2; CIS, Cytokine Inducible SH2 containing protein; MAPK, mitogen-activated protein kinase; GR, glucocorticoid receptor; GRE, glucocorticoid responsive elements; HSP90, heat-shock protein 90; Src, sarcoma kinase; MEK, mitogen-activated protein kinase kinase; PLCγ, phosphoinositide-specific phospholipase γ; JNK, c-Jun N-terminal kinase; ERK, extracellular signal-regulated kinases; PKC, protein kinase C; PI3K, phosphoinositide 3-kinase; AKT, PTEN, phosphatase and tensin homolog.](gr1){#f0005}

![STAT5 and GR protein--protein interaction in postnatal body growth. (A) Structural properties of murine STAT5B and murine GR. The STAT5N-terminal domain (tetramerization domain) and the AF1 domain of the GR are the protein-binding interfaces for the GR as a cofactor on DNA bound STAT5. (B) Schematic illustration of postnatal body growth in GH transgenic mice, mice harboring a hepatic deletion of STAT5 in presence of the GH transgene, STAT5^ΔN^ mice, GR^dim^ mice and mice with a hepatocyte-specific deletion of STAT5 or GR compared to wild type mice. STAT5, signal transducer and activator of transcription 5; GR, glucocorticoid receptor; SH~2~, Src homology 2; AF-1, hormone-independent transactivation function domain; AF-2, transactivation domain; GH, growth hormone.](gr2){#f0010}

![Schematic illustrations demonstrating the development of liver phenotypes following combined hepatic STAT5/GR deletion and STAT5 deletion in GH transgenic mice. Loss of hepatic GH-STAT5 signaling, in presence and absence of hepatic GR, causes defects in lipid and glucose metabolism leading to steatosis, hyperglycemia, insulin resistance and impaired hepatic insulin receptor signal transduction. On the molecular level, impairment of hepatic GH-STAT5 signaling is associated with enhanced pro-lipogenic PPARγ and SREBP-1c signaling leading to increased lipogenesis and/or increased hepatic FFA uptake (1; see text for details). Further, loss of STAT5 results in hepatic GH insensitivity resulting in high endogenous GH levels, while hepatic GR deficiency leads to hypercortisolism. Consequently, high GH levels (endogenous and transgene expression; 1) or high endogenous GH level in combination with elevated GCs (1 and 2) lead to lipolysis of adipose tissues and enhanced FFA release. The increase in circulating FFA in combination with enhanced expression of the fatty acid transporter CD36 results in additional FA accumulation in the liver. The increased hepatic FA load and associated metabolic dysfunctions upon STAT5/GR deficiency as well as STAT5 deficiency in GH transgenic mice results in oxidative stress and chronic liver damage. These metabolic changes additionally activate the stress kinase signaling (JNK1 and/or p38). Moreover, increased lipid synthesis, deregulated expression of hepatoprotective factors (EGFR, PRLR, LIFR; HNF6), accumulation of mutations (increased DNA damage) following loss of cell cycle control (reduced p53 levels), and enhanced activity of tumor-promoting STAT3 and c-JUN (elevated protein levels induced by STAT3 and increased phosphorylation mediated by JNK1 and p38 stress kinases) within hepatocytes contribute to severe tissue damage and the development of HCC. STAT, signal transducer and activator of transcription; GR, glucocorticoid receptor; GH, growth hormone; GCs, glucocorticoids; GHR, GH receptor; PPARγ, peroxisome proliferator-activated receptor gamma; SREBP-1c, sterol regulatory element-binding protein 1c; FFA, free fatty acids; CD36, cluster of differentiation 36; JNK1, c-JUN-N-terminal kinase; EGFR, epithelial growth factor receptor; PRLR, prolactin receptor; LIFR, leukemia inhibitory factor receptor; HNF6, hepatocyte nuclear factor 6; ROS, reactive oxygen species.](gr3){#f0015}
